Abstract: In this paper, we propose a zeroth-and first-order-convertible fiber interleaving filter that has a frequency-interleaving capability in the zeroth-or first-order multiwavelength transmission spectrum. The proposed interleaving filter is a kind of polarizationdiversity-loop-based comb filter composed of a polarization beam splitter, three half-wave plates (HWPs), and two polarization-maintaining fiber (PMF) segments, each of which is located between two adjacent HWPs. The HWP inserted between two PMF segments enables the interleaving filter to operate in the zeroth-or first-order transmission mode by adjusting the relative angular difference between the principal axes of two PMF segments. With the orientation angles of the three HWPs set as specific angles, first-order flat-top and narrow-band transmission spectra with a channel spacing of ∼0.792 nm could be obtained and be interleaved by controlling only the HWP between the two PMF segments. In particular, at other specific angle sets of the three HWPs, the zeroth-order transmission spectrum with the same channel spacing could be obtained, and their multiwavelength channels could be interleaved by adjusting only the orientation angle of the intermediary HWP. That is, a first-order comb spectrum could be converted into a zerothorder one with the same fringe period, and each one could be interleaved through the proper control of the three HWP angles.
Introduction
Owing to their simple design, ease of use, and input polarization independence, fiber birefringence comb filters constructed by connecting highly birefringent polarization-maintaining fiber (PMF) with a fiber coupler in a form of a Sagnac interferometer can be utilized for various optical applications such as optical pulse train generation [1] ; high-speed wavelength routing [2] ; optical label switching [3] , [4] ; multiwavelength lasing [5] - [10] ; and microwave and optical signal processing [11] . A fiber comb filter based on a polarization-diversity loop (PDL) [12] , [13] , which is manufactured by using a polarization beam splitter (PBS) instead of a fiber coupler, has the strong advantages of multiwavelength switching and tuning capabilities, including frequencyinterleaving [14] , [15] , compared with a fiber-coupler-based Sagnac comb filter (SCF) [16] . Further, it is possible for the PDL-based comb filter to create high-order transmission functions if multiple segments of PMF are connected by special combination rules. For example, Solc-type birefringence combination (BC) [17] can be realized in PDL-based comb filters by concatenating two and more PMF segments of equal length with a fixed angle offset between the principal axes of adjacent PMF segments [18] , [19] . This high-order transmittance was also implemented in fiber-coupler-based SCFs [20] , [21] or Mach-Zehnder-interferometer-based comb filters [22] , [23] . As can be found in [20] , one birefringence element, or one PMF segment, forms a sinusoidal function cosð2BL=Þ in a polarization interference spectrum, of which period is determined by the birefringence B and the length L of the PMF segment. Here, is the free space wavelength. This sinusoidal transmittance function is defined as the zeroth-order one. When the number of PMF segments used for polarization interference is increased up to an integer N (≥ 2), the transmittance function contains cos N ð2BL=Þ, which is indicated as a ðN À 1Þth-order one. First-order transmittance functions are obtained at N ¼ 2. High-order comb filters can provide flatter or narrower pass bands, i.e., more efficient and versatile filtering capability, compared with a 0th-order filter. These broadened and shrunk bands are in a complementary relationship with each other. The previously reported Solc-type 1st-order PDL-based comb filter, fabricated by splicing two PMF segments of the same length with a 45°angle offset between their principal axes, showed flat-top passband filtering and frequency-interleaving capabilities [18] , but the narrow band transmission spectrum was not experimentally suggested, and further, its interleaving operation was not obtained either. In the case of a Solc-type second-order PDL-based comb filter [19] , any wavelength switching operation including the frequency-interleaving was not achieved, although its passband was further flattened. In terms of the frequency switching capability of comb filters, there have been lots of works that achieved frequency shift (or wavelength tuning) and channel spacing switching [8] , [11] , [22] - [27] . However, most of them were restricted to a 0th-order transmittance function [8] , [11] , [22] - [26] . Although the high-order frequency-interleaving operation was achieved in a Mach-Zehnder-interferometer-based filter [23] , it showed a relatively large IL (> 20 dB) and a low extinction ratio (ER) (< 15 dB). The discrete channel spacing switching of a 0th-order transmittance function reported in [8] , [11] , and [22] - [24] can also be implemented in a PDL-based comb filter only if more PMF segments are added. As an intuitive but costly approach, the tuning of the channel spacing and the channel bandwidth in high-order transmittance functions was realized by employing three differential group delay (DGD) modulators [27] . But, its filtering efficiency and versatility is overshadowed by its input polarization dependence since the polarization state of the signal may be randomly evolved in some practical applications such as communication systems. Although high-order PDL-based comb filters with wavelength tuning or channel spacing switching capability have not been suggested yet, the frequency tunability in high-order transmittance functions can be conceptually embodied by thermally or mechanically changing the PMF birefringence with a temperature controller or a piezoelectric transducer, utilizing a special waveplate combination [8] , or replacing the PMF segments with DGD modulators, or birefringence modulators [24] , [27] .
Here we show a 0th-and 1st-order-convertible fiber interleaving filter composed of a PBS, two PMF segments, and three HWPs with one of them inserted between the two PMF segments, which has frequency-interleaving capability in the 0th-or 1st-order multiwavelength transmission spectrum. Each PMF segment is located between two adjacent HWPs, and the HWP inserted between two PMF segments enables the interleaving filter to operate in the 0th-or 1st-order transmission mode by adjusting relative angular difference between the principal axes of two PMF segments. With the orientation angles of the three HWPs set as specific angles, 1st-order flat-top and narrow band transmission spectra with a channel spacing of ∼0.792 nm could be obtained and be interleaved by controlling only the HWP inserted between two PMF segments. In particular, at other specific angle sets of the three HWPs, the 0th-order transmission spectrum with the same channel spacing could be obtained, and their multiwavelength channels could be interleaved by adjusting only the orientation angle of the intermediary HWP. That is, a 1st-order comb spectrum could be converted into a 0th-order one with the same fringe period, and each one could be interleaved through the proper control of the three HWP angles. These spectral characteristics of the interleaving filter were theoretically analyzed and experimentally verified. In Section 2, the principle of operation of the filter will be explained, and then, theoretical analysis on the filter transmission spectra will be given. Experimental results on the filter transmission spectra will be provided in Section 3. Finally, a brief summary will be given in Section 4. Fig. 1 shows the schematic diagram of the proposed interleaving filter. The proposed filter consists of a PBS, two PMF segments of the same length, and three HWPs. Two of the three HWPs (HWP 1 and HWP 3) are utilized to control the state of polarization (SOP) of light circulating within the filter, and the other one (HWP 2) plays the role of adjusting relative angular difference between the principal axes of the two PMF segments. Input light entering the PBS is decomposed into two orthogonally polarized components such as linear horizontal and vertical polarization ones. Linear horizontal polarization (LHP) and linear vertical polarization (LVP) components propagate along the Sagnac loop of the proposed filter, i.e., the PDL, in clockwise (CW) and counterclockwise (CCW) directions, respectively. In the proposed filter, the interference spectrum is generated by phase difference between the linear polarization components aligned along the principal axes of PMF and influenced by the change in the PMF birefringence. Fig. 2 shows the propagation path of light passing through the proposed filter. The input beam introduced into the port IN of the PBS is divided into LHP and LVP components, and the LHP component sequentially propagates through a polarizer (x-polarized), HWP 1, Vol. 8, No. 4, August 2016PMF 1, HWP 2, PMF 2, HWP 3, and an analyzer (x-polarized), making a round trip along the CW path. Similarly, the LVP component travels the filter along the CCW path, propagating through a polarizer (y-polarized), HWP 3, PMF 2, HWP 2, PMF 1, HWP 1, and an analyzer (y-polarized) in turn. In both CW and CCW paths (corresponding to LHP and LVP components, respectively), an interference spectrum with the same fringe period is generated in every path. As the two output beams from the OUT port of the PBS have orthogonal polarization states, the resulting output of the filter is derived by the arithmetic sum of two interference spectra obtained by the propagation of light through CW and CCW paths. Moreover, as an arbitrarily polarized light beam can always be represented by the superposition of two bases such as LHP and LVP components, the transmitted spectrum of the filter becomes the power superposition of the two interference spectra due to LHP and LVP input beams and thus is independent of input polarization. Because the PBS and two PMF segments act as one set of a polarizer and an analyzer and birefringence elements, respectively, Solc-type BC can be attained by controlling the orientation angles of three HWPs, and especially relative angular difference between the principal axes of the two PMF segments can be freely and flexibly chosen by adjusting the orientation angle of the HWP 2 sandwiched between them. By the proper control of the three HWPs, therefore, the frequency-interleaving operation of the flat-top or narrow band transmission spectrum, i.e., the 1st-order transmission spectrum, can be accomplished. In particular, the 0th-order transmission spectrum with the same channel spacing as that of the 1st-order one can also be obtained, and its interleaving operation can be achieved.
Principles of Operation
By utilizing the Jones matrix formulation [28] , the theoretical transmittance t filter of the proposed filter can be obtained from the transfer matrix T of the filter. The transfer matrix T is expressed as the algebraic sum of two sub transfer matrices such as the transfer matrices of two optical paths that correspond to the CW and CCW paths shown in Fig. 2 . Detailed formulation of Jones transfer matrices in PDL-based comb filters can be found in [29] . The filter transmittance t filter can be derived from T and is given by
where À expressed as 2BL= is the phase difference between two orthogonal modes polarized along the principal axes of PMF, which is created by the birefringence B and the length L of each PMF segment. is the wavelength in vacuum, and h1 , h2 , h3 , pmf1 , and pmf2 indicate the fast-axis orientation angles of the HWP 1, HWP 2, HWP 3, PMF 1, and PMF 2 with respect to the horizontal polarization direction of the PBS (or the x axis of the PBS), respectively. In this theoretical analysis, the ILs of the optical components comprising the filter were not considered, and the phase retardation difference of the HWPs was assumed to be independent of wavelength. Table 1 shows the six representative transmission modes (or transmittance functions) of the proposed filter and the orientation angle sets ( h1 , h2 , h3 ) of three HWPs for obtaining them. In the table, p, q, and r indicate integers. The six transmission modes include flat-top band, interleaved flat-top band, narrow band, interleaved narrow band, 0th-order (conventional) transmission, and interleaved 0th-order transmission modes, of which transmittances are denoted as t f , t f ;i , t n , t n;i t z , and t z;i , respectively. An interleaved mode means the spectrally shifted spectrum of the original mode, of which wavelength displacement is half a channel spacing (or half an interference period). The channel spacing (or interference period) in all the transmission modes is identical to 0.8 nm. As can be found from Table 1 , the proposed filter can operate in the flat-top band or the narrow band or the 0th-order transmission mode, and each mode can be interleaved by the proper selection of the orientation angles of the three HWPs. In addition, h1 , h2 , and h3 have an angle symmetry of =2 in (1) as the HWP basically has an angle symmetry of in its azimuthal angle.
The six transmission modes are determined by the relationship among the orientation angles of two birefringent elements (i.e., PMF segments) and the PBS that plays a role of a polarizer or an analyzer, which are shown in Fig. 2 . In these transmission modes, the effective azimuthal angle at which the PMF 1 or the PMF 2 is oriented from the x axis of the PBS is adjusted by the three HWPs as if the principal axes of the PMF 1 or the PMF 2 are actually rotated. If only the CW path shown in Fig. 2 is considered because the transmitted outputs from the CW and CCW paths are identical except for the IL [18] , the three HWPs affect the effective azimuthal angles of the PMF 1 and the PMF 2 as follows. First, the HWP 1 actually oriented at h1 (from the x axis) makes the PMF 1 actually oriented at pmf1 (from the x axis) be effectively oriented at ð2 h1 À pmf1 Þ from the polarization direction (the x axis) of the polarizer. Then, the h2 -oriented HWP 2 makes the pmf2 -oriented PMF 2 be effectively oriented at ð pmf1 þ pmf2 À 2 h2 Þ from the fast axis of the pmf1 -oriented PMF 1. Finally, the h3 -oriented HWP 3 makes the polarization direction (the x axis) of the analyzer effectively oriented at ð2 h3 À pmf2 Þ from the fast axis of the pmf2 -oriented PMF 2.
For example, if the orientation angle combination ( h1 , h2 , h3 ) of the three HWPs is set as ð pmf1 =2 þ =16; pmf1 =2 þ pmf2 =2 þ =8; pmf2 =2 þ =16Þ, the polarizer, the PMF 1, the PMF 2, and the analyzer in the CW path have the effective orientation angles of 0, =8, À=8, and 0 with respect to the x axis, respectively, as shown in Fig. 3(a) . That is, the transmittance of the light path comprised of four optical elements shown in Fig. 3(a) is equivalent to that of the CW path in Fig. 2 at this angle combination of the three HWPs. This angle arrangement of the above four optical components forms a 1st-order folded Solc-type filter whose analyzer is rotated by =2, and the same situation arises in the CCW path with their effective orientation angles changed to =2, À=8, =8, and =2, as can be found in Fig. 3(b) . As a result, the proposed filter can operate in the flat-top band mode with the transmittance t f as if it is a 1st-order folded Solc-type filter with its analyzer rotated by =2. On the other hand, if ( h1 , h2 , h3 ) is arranged to be ð pmf1 =2 þ =16; pmf1 =2 þ pmf2 =2 À =8; pmf2 =2 þ =16Þ, the polarizer, the PMF 1, the PMF 2, and the analyzer have the effective orientation angles of 0, =8, 3=8, and =2 in the CW path, as shown in Fig. 3(c) , and =2, À=8, À3=8, and 0 in the CCW path, as shown in Fig. 3(d) , respectively. This HWP angle choice allows the proposed filter to operate in the interleaved flat-top band mode with the transmittance t f ;i as if it is a 1st-order fan Solc-type filter with its analyzer rotated by =2. Moreover, if one sets ( h1 , h2 , h3 ) as ð pmf1 =2 þ =16; pmf1 =2 þ pmf2 =2 þ =8; pmf2 =2 À 3=16Þ, the polarizer, the PMF 1, the PMF 2, and the analyzer have the effective orientation angles of 0, =8, À=8, and =2 in the Fig. 3(a) , except for the analyzer rotated by =2, which forms a 1st-order folded Solc-type filter. That is, a 1st-order folded Solc-type filter with its analyzer rotated by =2, showing a flat-top band mode transmittance ðt f Þ, can be changed into a 1st-order folded Solc-type filter that shows an interleaved narrow band mode transmittance ðt n;i Þ by controlling only h3 , and these two transmittances such as t f and t n;i are in a complementary relationship. In consequence, the HWP 1, HWP 2, and HWP 3 can flexibly change the effective angular differences between the polarizer and PMF 1, the PMF 1 and PMF 2, and the PMF 2 and analyzer, respectively, and the six transmission modes can be obtained by controlling the three HWPs. In each transmission mode, the interleaving operation can be obtained by adjusting only the orientation angle of the HWP 2.
This theoretical prediction is visualized as transmission spectra in Fig. 4(a)-(c) . In the calculation of filter spectra, the birefringence B and the length L of the PMF segment, which determine the phase difference, were set as 4:166 Â 10 À4 and 7.21 m so that the channel spacing became ∼0.8 nm at a center wavelength of 1550 nm, respectively. As mentioned earlier, the ILs of the entire optical elements comprising the proposed filter and the wavelength dependence of the phase difference of the HWPs were not included in the calculation. Fig. 4(a) and (b) show the calculated 1st-order transmission spectra of the proposed filter, i.e., the flat-top and narrow band transmission spectra, respectively. Fig. 4(c) shows the calculated 0th-order transmission spectrum of the proposed filter, i.e., that of the conventional SCF. One spectrum indicated as blue solid lines and open circles is in an interleaved relationship with the other one indicated as red solid lines and open squares. For comparison, the transmission spectrum of a conventional SCF was also inserted and indicated by a black solid line without symbols in Fig. 4(a) and (b) . It is found from the figures that the proposed filter can operate in the flat-top band, narrow band, or 0th-order transmission mode and also provide the interleaved spectrum in each mode at the appropriate HWP angle sets shown in Table 1 . In order to compare the spectral bandwidth of one channel in each mode, the figure of merit (FOM) is defined as the bandwidth of the proposed filter divided by the channel spacing (0.8 nm). More specifically, 1 and 3 dB FOMs are defined as 1 and 3 dB channel bandwidths divided by the channel spacing, respectively. The theoretical 1 and 3 dB FOMs in the flat-top band mode are obtained as 47.1 and 63.6%, which are greater by 17.1 and 13.6% than those obtained in the 0th-order transmission spectrum of the conventional SCF, respectively. These higher FOMs imply a flattened pass band. In the narrow band mode, its theoretical 1 and 3 dB FOMs decrease down to 21.4 and 36.4%, which are smaller by 8.6 and 13.6% than those of the conventional SCF, respectively, indicating a reduced bandwidth. And, the 1 and 3 dB FOMs in the 0th-order transmission mode are calculated as 30 and 50%, respectively. These FOMs are identical to those obtained in the 0th-order spectrum of the conventional SCF.
Experimental Results on Filter Spectra
In order to verify the theoretical prediction on the filter spectra, the proposed filter was fabricated by using a four-port fiber-pigtailed PBS (OZ Optics), two PMF segments (Fibercore), and three fiber-pigtailed HWPs (OZ Optics), as shown in Fig. 1 . The above optical elements were connected by single-mode fiber (SMF) with each other. The two PMF segments (PMF 1 and PMF 2) were prepared to have lengths of ∼7.28 and ∼7.29 m, respectively. The PMF birefringence was measured as $ 4:166 Â 10 À4 , and the channel spacing was measured as ∼0.792 nm, determined by the length and birefringence of PMF. The polarization ER of the PBS was ∼23.0 dB in the wavelength range of 630-1600 nm, and its wavelength-dependent loss was ∼0.1 dB at 1520-1570 nm. The HWPs are not broadband in nature and have a phase difference of between two propagation modes along its fast-and slow-axes, which is centered at 1550 nm and deviates from below or beyond 1550 nm. The HWPs used in our experiments are typically recommended for use over ±25 nm at 1550 nm. The filter transmission spectra were measured by using an optical spectrum analyzer (Yokogawa AQ6370C) and a broadband light source (Fiberlabs ASE-FL7004). Fig. 4(d) and (e) show the measured 1st-order transmission spectra of the fabricated filter, i.e., the flat-top and narrow band transmission spectra, respectively. Fig. 4(f) shows the measured 0th-order transmission spectrum of the filter. Similarly, one spectrum indicated as blue solid lines and open circles is in an interleaved relationship with the other one indicated as red solid lines and open squares. As can be seen from the figures, the filter could operate in the flat-top or narrow band mode at an HWP angle set of (91°, 16°, 55°) or (42°, 130°, 80°), and the interleaved flat-top or interleaved narrow band mode could be obtained at an HWP angle set of (110°, 14°, 34°) or (42°, 86°, 88°), respectively. The ER and IL of the fabricated filter were measured as ∼22.8 and ∼5.4 dB in the flat-top band mode and as ∼26.6 and ∼5.6 dB in the narrow band mode, respectively. It is confirmed from Fig. 4 (f) that the filter can operate even in the 0th-order transmission mode obtained at an HWP angle set of (22°, 86°, 52°), and the interleaving operation can be achieved at an HWP angle set of (66°, 44°, 64°). The ER of the fabricated filter was measured as ∼20.9 dB, and its IL was measured as ∼5.5 dB. The measured ERs and ILs of the fabricated filter are inferior to the theoretical ones in each mode. The deteriorated ER is caused by SMF birefringence [30] and the tailoring error of two PMF segments. The measured IL mainly comes from the ILs of three HWPs (∼2.2 dB) and the PBS (∼1.2 dB for one way, totally ∼2.4 dB) including fiber fusion splicing loss between PMF and SMF segments (∼0.7 dB) or SMF segments (∼0.2 dB). The IL can be further diminished by optimizing the fusion splicing of fiber splices between PMF and SMF or by employing low-loss fibertype HWPs or PBSs.
For quantitative comparison between the channel bandwidths of three operation modes such as the flat-top band, narrow band, and 0th-order transmission modes, experimental 1 and 3 dB FOMs were evaluated for these modes by using the previous definition of the FOM. In the flattop band mode, experimental 1 and 3 dB FOMs were ∼49.6 and ∼64.6%, which were larger by 2.5 and 1.0% than the theoretical ones, respectively. In the case of the narrow band mode, they were obtained as ∼23.1 and ∼39.2%, which were greater by 1.7 and 2.8% than the theoretical ones, respectively. Finally, experimental 1 and 3 dB FOMs in the 0th-order transmission mode were evaluated as ∼30.5 and 51.1% and were larger by 0.5 and 1.1% than the theoretical ones of the conventional SCF, respectively. There is a difference within 2.8% between the experimental and theoretical FOMs, which can be greatly reduced if two PMF segments are precisely tailored or achromatic HWPs are utilized for polarization rotation. In particular, the input polarization dependence of the filter was examined, that is, the polarization sensitivity of the transmission spectrum was measured by utilizing an additional polarization control equipment (Agilent 8169A) that was composed of a rotatable linear polarizer, a rotatable quarter-wave plate (QWP), and a rotatable HWP in sequence. During the measurement, both the QWP and the HWP contained within the equipment were rotated in a random fashion each time, ensuring that the trace of evolved signal polarization had covered the entire Poincare sphere. The maximum polarization sensitivity was measured as < 0.5 dB, which could be affected by the polarization sensitivity of the photodetector and the polarization-dependent loss of the PBS used in experiments.
It is worthwhile to consider the temperature or pressure effect on the filter performance. Ideally, the HWPs, the PBS, and the SMF segments that comprise the filter are temperature-or pressure-independent optical elements, but the PMF segments used as birefringence elements for polarization interference are temperature-and pressure-sensitive. It was confirmed from experiments that the HWPs and the PBS showed no noticeable variation in the polarization properties under ambient temperature or pressure changes. In the case of the PMF segments and even the SMF segments, however, temperature-or pressure-induced change in inherent birefringence and temperature-or pressure-induced microbending may vary the SOP of light propagating through the optical elements comprising the filter. If the ambient temperature variation was within 1-2°C, this temperature-induced effect will be negligible, but large temperature changes over 10°C or more can severely deteriorate the filter operation. Similarly, external pressure changes over 0.1 MPa can also hinder the filter operation. In order to protect the proposed filter from environmental temperature or pressure perturbations for operation stability, therefore, the entire filter apparatus should be hermetically sealed except for lead-in and leadout fibers, and a thermoelectric cooler may be utilized for more robust operation. In terms of the reconfigurability of the filter, electrically controllable HWPs can be beneficially utilized in a sealed or packaged filter structure, and polarization controllers based on liquid crystals or lithium niobate structures [31] , [32] can facilitate the high-speed switching of the filter as well.
Conclusion
In summary, a 0th-and 1st-order-convertible fiber interleaving filter based on the PDL was proposed and fabricated by using a PBS, two PMF segments, and three HWPs with one of them inserted between the two PMF segments. The HWP inserted between two PMF segments could allow the interleaving filter to operate in the 0th-or 1st-order transmission mode by adjusting relative angular difference between the principal axes of two PMF segments, which could not be realized in previous 1st-order comb filters. With the orientation angles of the three HWPs set as specific angles, 1st-order flat-top and narrow band transmission spectra with a channel spacing of ∼0.792 nm could be obtained and also be interleaved by controlling only the HWP inserted between two PMF segments. In particular, at other specific angle sets of the three HWPs, the 0th-order transmission spectrum with the same channel spacing could be obtained, and their multiwavelength channels could be interleaved by adjusting only the orientation angle of the intermediary HWP. That is, a 1st-order comb spectrum could be converted into a 0th-order one with the same fringe period, and each one could be interleaved through the proper control of the three HWP angles. The channel bandwidths of the filter were theoretically and experimentally compared with each other in three operation modes. This multifunctional feature of our filter may be beneficially applied to waveband switching in multi-granular optical networks [33] , [34] ; optical label swapping [35] , [36] ; and optical sensor interrogation, in addition to multiwavelength lasing and microwave and optical signal processing.
